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INTRODUCTION 

The ob jec t i ves  o f  t h i s  study are t o  advance our understanding o f  how 
l i q u i d s  penetrate through the m ic ros t ruc tu re  of coals and t o  use d i f f u s i o n  t o  probe 
t h e  macromolecular and m ic ros t ruc tu re  o f  coals. D i f f u s i o n  of l i q u i d s  and o f  so l i ds  
d isso lved i n  l i q u i d s  i s  o f  cons iderable importance i n  many areas o f  coal  technology 
and science. 
i n t o  coal ;  i n  p a r t i c u l a r ,  t h i s  i s  the case for  many s lur ry-based l i q u e f i c a t i o n  
processes. 
i nves t i ga ted  which r e l y  on d i f f u s i o n  o f  reagents i n t o  the coal t o  modify i t s  
s t r u c t u r e  o r  t o  remove undesired mineral o r  organic components. S i m i l a r l y ,  many 
chemical pretreatments of coals  depend on d i f f us ion  f o r  t h e  reagents t o  reach t h e  
reac t i ve  s i t e s  i n  the  coal. Mass t r a n s f e r  i s  c r u c i a l  t o  many fundamental chemical 
i nves t i ga t i ons  o f  coal s t r u c t u r e  which u t i l i z e  wet chemical techniques s i n c e  
reagents must d i f f u s e  t o  r e a c t i v e  s i t e s  w i t h i n  the s t ruc tu re .  From a fundamental 
viewpoint a b e t t e r  understanding o f  d i f f u s i o n  i n  coal w i l l  advance our o v e r a l l  
comprehension o f  t he  under l y ing  macromolecular s t r u c t u r e  and m ic ros t ruc tu re  of 

Many coal l i q u e f a c t i o n  processes i nvo l ve  the  pene t ra t i on  o f  a l i q u i d  

There are a number o f  coal bene f i c ia t i on  processes a c t i v e l y  be ing 

coals .  

fragments from the coal s t r u c t u r e  are other  d i f f u s i o n a l  processes i n  coal which are 
o f  substant ia l  technologica l  importance. For example, they occur i n  most conversion 
processes. I n  l i que fac t i on ,  l i q u i d s  o r  gases produced w i t h i n  the  coal o r  molecular 
fragments of the coal d isso lved i n  the l i q u i d s  must escape from w i t h i n  t h e  coal 
p a r t i c l e s .  I n  g a s i f i c a t i o n  molecular fragments from the  degraded coal s t r u c t u r e  
must d i f fuse t o  the sur face of t he  p a r t i c l e  before they can evaporate i n t o  the  
surrounding gas. 

b e t t e r  understand d i f f u s i o n  phenomenon. 
swe l l i ng  agents i n t o  a h igh  v o l a t i l e  bituminous coal. Since t h e  d i f f u s i n g  swe l l i ng  
agents g rea t l y  enhance the  m o b i l i t y  o f  t he  macromolecular chain segments w i t h i n  the  
coal, t h i s  system i s  p a r t i c u l a r l y  we l l  su i ted  for  probing macromolecular aspects o f  
the coal s t ruc tu re .  

The d i f f u s i o n  of l i q u i d s  i n  ma te r ia l s  i s  commonly s tud ied by f l u i d  uptake 
and/or desorpt ion as a func t i on  o f  t ime. For simple o r  well-behaved m a t e r i a l s  t h i s  
approach i s  e f f e c t i v e ,  but f o r  coal which i s  h i g h l y  heterogeneous va ry ing  markedly 
from sample t o  sample and from micro-reg ion t o  micro-reg ion w i t h i n  each sample, t h i s  
approach can g ive only  averaged and incomplete in format ion.  
w i t h  polymers i s  t o  cha rac te r i ze  d i f f u s i o n  by observ ing the movement o f  co lo red  
solvents, l i q u i d s  co lored w i t h  dyes, o r  index o f  r e f r a c t i o n  gradients  i n  the  
ma te r ia l .  These methods have not  been successfu l ly  appl ied t o  coals  because of  t he  
h igh opaci ty  o f  coals and the d i f f i c u l t y  i n  f a b r i c a t i n g  s a t i s f a c t o r y  samples. 

observations o f  d i f f u s i o n  i n  coals. The techniques invo lved f i r s t  producing 
uncontaminated t h i n  sec t i on  specimens o f  coals us ing methods developed i n  our 

sh ie ld ing  the top and bottom surfaces from the penetrant and exposing the  edge o f  
t h e  t h i n  sec t i on  t o  t h e  se lected so lvent .  This technique enables one t o  f o l l o w  the 
k i n e t i c s  o f  the d i f f u s i o n  i n  d e t a i l  under the microscope i n  t ransmi t ted  l i g h t  as the  
so lvent  penetrates the coal. I n  t h i s  manner t h e  maceral composition, minera l  
matter, and other  aspects o f  t he  m ic ros t ruc tu re  are observed d i r e c t l y  d u r i n g  the  
d i f f u s i o n  process. and the  heterogenei ty  of t he  coal can be accounted f o r  

The escape o f  reac t i on  products, mobile coal molecules, o r  molecular  

I n  t h i s  study we focus on a reasonably wel l -def ined system i n  order  t o  
We i n v e s t i g a t e  the  d i f f u s i o n  o f  good l i q u i d  

A technique u t i l i z e d  

I n  t h i s  study we repo r t  the f i r s t  successful " i n  s i t u "  microscopic  

I laboratory .  Then specia l  procedures were developed f o r  secur ing the  specimen, 
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e x p l i c i t y .  
coals  s ince f o r  adequate eva lua t i on  i t  i s  necessary t o  be able t o  measure the  
progress of t h e  so l ven t  i n t o  each o f  t h e  micro-components which are being penetrated 
w i t h i n  the coal .  

EXPERIMENTAL 

This i s  c r u c i a l  t o  the  understanding o f  t h e  d i f f u s i o n  phenomenon i n  

The coal used i n  these s tud ies was I l l i n o i s  No. 6 from the  Monterey No. 1 
mine which i s  o f  h igh  v o l a t i l e  C bituminous rank. Because coal i s  so h i g h l y  
absorbing i n  t h e  v i s i b l e  reg ion o f  t h e  spectrum, transmi.t ted l i g h t  o p t i c a l  
microscopy can only be done w i t h  very t h i n  specimens. 
f r a g i l e  ma te r ia l  i n  th in  pieces and i t  r e a d i l y  breaks i n t o  smal l  fragments. 
t h i s  reason specia l  techniques must be used t o  prepare the t h i n  sec t i on  specimens. 
To avoid f ragmentat ion o f  t he  t h i n  s l i v e r s  o f  coal, t h e  specimens are normally 
embedded i n  an adhesive cement such as an epoxy adhesive. However, t he  d i f f u s i o n a l  
c h a r a c t e r i s t i c s  o f  such embedded specimens are a f f e c t e d  by the  adhesives, so they 
are not s a t i s f a c t o r y  f o r  d i f f u s i o n  s tud ies.  Canada Balsam has been used by many 
i n v e s t i g a t o r s  as a secu r ing  agent fo r  t h e  coal. It can be most ly  removed, but  i t  
leaves behind res idues which are undesirable contaminants i n  the  coal and may a f f e c t  
d i f f u s i o n  i n  unp red ic tab le  ways. 
t he  samples f o r  t h i s  study u t i l i z e d  an adhesive which i s  completely so lub le.  The 
adhesive i s  a paraf f in-based embedding wax (1). It i s  so lub le i n  hexane which has a 
minimal e f f e c t  on the  coal .  This sample preparat ion procedure has been described 
prev ious ly  (2) and w i l l  not be described f u r t h e r  here. The samples were cut  
perpendicu lar  t o  the bedding plane. 
t h i c k  and roughly  0.5 mn across. 

atmospheric pressure. 
py r i  d i  ne. 

simply be immersed i n  t h e  so lvent .  I f the  whole sur face o f  t he  sample were exposed 
t o  the  solvent, then pene t ra t i on  would occur from a l l  sides and the specimen would 
be r a p i d l y  penetrated i n  i t s  t h i n  d i r e c t i o n  from so lven t  coming through the top  and 
bottom. The k i n e t i c s  o f  t h i s  process would be d i f f i c u l t  t o  i n t e r p r e t  and even m r e  
d i f f i c u l t  t o  quan t i f y .  
pene t ra t i ng  through t h e  top  o r  bottom o f  the t h i n  sec t i on  and t o  a l l ow  it t o  
penetrate on ly  from one edge. Unfor tunate ly ,  because o f  the t i n y  s i z e  and d e l i c a t e  
character  o f  the specimens one can not  simply d i p  one edge o f  t he  sample i n  the  
so l  vent. 

Two d i f f e r e n t  techniques f o r  ho ld ing  t h e  t h i n  sec t i on  samples and exposing 
them t o  the pene t ra t i ng  l i q u i d  were developed. 
advantages and disadvantages depending on the  p a r t i c u l a r  t ype  o f  i n fo rma t ion  which 
most i n t e r e s t s  the i n v e s t i g a t o r .  I n  the  "grease-immersion" technique the  so lvent  i s  
prevented from c o n t a c t i n g  most o f  the top and bottom surfaces o f  the t h i n  sec t i on  by 
coat ing most o f  these surfaces w i t h  a grease. The grease must i t s e l f  be an adequate 
b a r r i e r  t o  t h e  so lvent .  Some o f  the ma te r ia l s  which were found usable were 
f l uo r ina ted  greases (3) and a low molecular weight uncross l inked b u t y l  rubber (4) .  
A small area o f  the t o p  and bottom surfaces i s  l e f t  uncoated t o  avoid g e t t i n g  grease 
on the edge. The t h i n  sec t i on  i s  then placed between two glass s l i des .  A schematic 
diagram of t h e  grease-immersion setup i s  shown i n  Figure 1. 
experiment a drop o f  l i q u i d  so lvent  i s  placed i n  contact  w i t h  the  uncoated edge of 
t h e  t h i n  sect ion.  The l i q u i d  then penetrates through one edge and propagates i n t o  
the t h i n  sec t i on  o f  coa l  p a r a l l e l  t o  the  surface. 

I n  the  weighted coverglass method the  t h i n  sec t i on  o f  coal i s  sandwiched 
between a 1 mn t h i c k  g lass  s l i d e  on the  bottom and a No. 1-1/2 glass c o v e r s l i p  on 
top. 
the coal and the  g lass surfaces i s  insured. 
so lvent  would very r a p i d l y  wick along t h e  glass surfaces and thereby qu ick l y  
Penetrate t h e  coal from the  t o p  and bottom surfaces, t h i s  d i d  no t  tend t o  occur i n  
Practice. Apparently, where t h e  so lvent  does penetrate i n  between t h e  glass and the 

Unfor tunate ly ,  coal i s  a 
For 

The sample preparat ion procedure used t o  prepare 

The t h i n  sect ions were about 15 micrometers 

A l l  o f  the experiments described i n  t h i s  paper were a t  room temperature and 
The d i f f u s i n g  l i q u i d  used i n  t h i s  study was reagent grade 

Once s a t i s f a c t o r y  t h i n  sec t i on  specimens have been prepared they cannot 

Rather, i t  i s  des i rab le  t o  prevent t h e  so lvent  from 

Each o f  the techniques has 

A t  the s t a r t  o f  t he  

Weights are pu t  along t h e  edges o f  the covership so t h a t  good contact  between 
While i t  might be thought t h a t  t he  

a4 

, 
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t op  o r  bottom of t he  t h i n  sect ion,  t he  coal swells. 
UP the channels where the  so lvent  was pene t ra t i ng  -- r i g h t  where the  p lug  was 
needed. 
i t  transformed the surface coal ma te r ia l  i n t o  a rubbery s tate.  
coal acted as a gasket prevent ing any appreciable f u r t h e r  pene t ra t i on  by t h e  
so l  vent. 

During a d i f f u s i o n  experiment the so lvent  can not  be d i r e c t l y  observed 
w i t h i n  the coal because i t  i s  t ransparent .  Rather, t h e  swe l l i ng  caused by 
i m b i b i t i o n  of  the so lvent  renders the d i f f u s i o n  observable. When the  so lvent  swel ls  
the coal i t  appears t o  be a l i g h t e r  co lo r .  This l i g h t e r  co lo r  occurs p r i m a r i l y  
because f o r  t h e  swollen coal t he re  i s  l ess  ma te r ia l  per  u n i t  c ross sec t i ona l  area o f  
the coal i n  the  path o f  t he  l i g h t  passing through the  sample. There may a l so  be an 
e f f e c t  caused by the change i n  index o f  r e f r a c t i o n  o f  t he  pore space as it becomes 
f i l l e d  w i t h  f l u i d ,  but t h i s  e f f e c t  i s  f a r  less than from swe l l i ng  f o r  the p y r i d i n e -  
I l l i n o i s  No. 6 coal system. 

i n t o  contact w i t h  the edge o f  the coal t h i n  sec t i on  which was p roper l y  set-up as 
described i n  the  previous sect ion.  
sample was observed on the  microscope stage i n  t ransmi t ted  l i g h t .  
photomicrographs were taken and the  t ime was noted i n  order  t o  record the k i n e t i c s  
o f  the process. 
t h e  experiment. 

This swe l l i ng  e f f e c t i v e l y  plugs 

The rubbery surface- 
Add i t i ona l l y ,  where t h e  so lvent  penetrated a long the surface o f  t h e  coal. 

An " i n  s i t u "  d i f f u s i o n  experiment was s t a r t e d  by b r i n g i n g  a drop o f  so lvent  

The t ime o f  l i q u i d  contact  was recorded and the  
P e r i o d i c a l l y  

The l i q u i d  was kept i n  contact  w i t h  the  edge o f  t he  coal throughout 

RESULTS AND DISCUSSION 

D i f f u s i o n  o f  Pyr id ine i n  r e l a t i v e l y  homogeneous v i t r i n i t e  

I 

A t h i n  sec t i on  sample o f  I l l i n o i s  No. 6 coal cons i s t i ng  o f  r e l a t i v e l y  
homogeneous v i t r i n i t e  was used f o r  a d i f f u s i o n  experiment. The sample was placed i n  
t h e  grease-immersion setup. L i q u i d  p y r i d i n e  was brought i n t o  contact  w i t h  the  
exposed edge o f  the sample. The t h i n  sect ion was then observed i n  the microscope as 
t h e  l i q u i d  penetrated i n t o  the  edge o f  the sample and d i f f u s e d  i n t o  t h e  coal 
p a r a l l e l  t o  the  sur face o f  the t h i n  sec t i on .  
minutes exposure t o  t h e  p y r i d i n e .  The c i r c l e  o f  l i g h t  on the  sample i s  caused by 
the f i e l d  diaphram o f  the microscope which i s  p a r t i a l l y  closed t o  keep l i g h t  from 
passing around the sides o f  t he  sample. I l l u m i n a t o r  l i g h t  which does not pass 
through the coal i s  very b r i g h t  and the  haze caused by i t  tends t o  obscure the more 
d imly  i l l um ina ted  s t r u c t u r a l  features o f  the coal. I n  Figure 2 a very abrupt change 
i n  co lo ra t i on  at  the d i f f u s i o n  f r o n t  i s  ev ident .  Just  ahead o f  t he  d i f f u s i o n  f r o n t  
t he  coal i s  t h e  dark red c o l o r  o f  the unchanged coal whereas j u s t  behind t h e  f r o n t  
the coal i s  a much l i g h t e r  orange-yellow co lo r .  This sharp d i f f u s i o n  f r o n t  having 
an abrupt change i n  penetrant concentrat ion demonstrates tha t  the d i f f u s i o n  o f  the 
l i q u i d  i n  the coal i s  h i g h l y  concentrat ion dependent. 
dependence i s  c h a r a c t e r i s t i c  o f  many macromolecular mater ia ls ,  e s p e c i a l l y  i n  cases 
where the i m b i b i t i o n  o f  the l i q u i d  transforms the macromolecular substance from a 
g lassy mater ia l  t o  a rubbery o r  viscous s t a t e  and/or where t h e  so lvent  swe l l s  t he  
sample. I n  the  coal behind the  d i f f u s i o n  f r o n t  where the  so lvent  has a l ready 
penetrated t o  an apprec iab le concentrat ion the re  i s  r e l a t i v e l y  l i t t l e  change i n  the  
co lo r  o f  the coal. 
o r  t h e  concentrat ion o f  imbibed so lvent ,  i t  i s  seen t h a t  t he re  i s  r e l a t i v e l y  l i t t l e  
change i n  the concentrat ion o f  t he  so lvent  i n  the coal behind the d i f f u s i o n  f r o n t .  

There are several p a r t i c u l a r  modes o f  d i f f u s i o n  which could cause the  very 
abrupt change i n  so lvent  concentrat ion a t  the d i f f u s i o n  f r o n t  along w i t h  the  small 
change i n  solvent concentrat ion behind the  f ron t .  For example, a system where some 
of t he  penetrant can react  w i t h  the m a t r i x  and the  reac t i on  i s  f a s t e r  than t h e  
d i f fus ion,  can e x h i b i t  a r e l a t i v e l y  sharp f r o n t .  Also, a r e l a t i v e l y  sharp f r o n t  
w i l l  r e s u l t  from a F ick ian d i f f u s i o n  c o e f f i c i e n t  which i s  small a t  low 
concentrat ions of penetrant, but which ab rup t l y  jumps up t o  a much l a r g e r  value a t  
some concentrat ion. 

Figure 2 shows the  sample a f t e r  50 

A s t rong concen t ra t i on  

Since the co lo r  o f  the coal i s  r e l a t e d  t o  i t s  degree o f  swe l l i ng  

as 



We had demonstrated p rev ious l y  ( 5 )  t h a t  s w e l l i n g  o f  t h i s  coal w i t h  py r id ine  
depresses the glass t r a n s i t i o n  temperature o f  the coal below room temperature and 
transforms it i n t o  a rubbery s t a t e .  For polymers, when a l i q u i d  p l a s t i c i z e s  i t  t o  
above i t s  glass t r a n s i t i o n ,  t he  d i f f u s i o n  i s  sometimes o f  Case I 1  type ( 6 ) .  Case I 1  
i s  t he  name given t o  d i f f u s i o n  which has the f o l l o w i n g  c h a r a c t e r i s t i c s  ( 7 ) .  There 
i s  a very sharp d i f f u s i o n  f r o n t .  The d i f f u s i o n  f r o n t  propagates i n t o  the ma te r ia l  
a t  constant v e l o c i t y .  
o f  the penetrant i n  t h e  reg ion behind the  d i f f u s i o n  f r o n t .  We have shown tha t  t he  
d i f f u s i o n  of  p y r i d i n e  i n t o  v i t r i n i t e  i n  I l l i n o i s  No. 6 coal  has the f i r s t  and l a s t  
o f  these c h a r a c t e r i s t i c s .  The v e l o c i t y  o f  movement o f  t he  d i f f u s i o n  f r o n t  w i l l  be 
discussed l a t e r .  

The d i f f u s i o n  f r o n t  i n  Figure 2 has subs tan t i a l  curvature and i s  somewhat 
i r r e g u l a r .  The cu rva tu re  may be caused by the e x t e r i o r  geometry o f  the sample 
and/or t h e  shape o f  t h e  reg ion where t h e  l i q u i d  p y r i d i n e  contacts  the coal .  
i r r e g u l a r i t y  o f  t he  d i f f u s i o n  f r o n t  i s  caused by the  micro-heterogenei ty  of t he  
v i t r i n i t e  -- even though i t  appeared r e l a t i v e l y  homogeneous under the microscope. 

Large reg ions o f  va r iab le  c o l o r a t i o n  are seen t r a i l i n g  behind the  d i f f u s i o n  
f r o n t  i n  Figure 2. The p a t t e r n  o f  the c o l o r a t i o n  suggests t h a t  i t  i s  caused by 
s t r a i n s  i n  these f l e x i b l e  regions of  t he  sample behind the d i f f u s i o n  f r o n t  which are 
r e s t r i c t i n g  so lvent  uptake. Such s t r a i n s  might be caused by stresses r e s u l t i n g  from 
t h e  swel l ing,  which i s  h i g h l y  an i so t rop i c  i n  the v i c i n i t y  o f  the d i f f u s i o n  f r o n t .  
S t ra ins  could a l s o  have been caused by deformation of  t he  coal a t  some e a r l i e r  stage 
i n  i t s  evo lu t i on .  Another p o s s i b i l i t y  i s  t h a t  t h i s  c o l o r a t i o n  comes from regions 
hav ing va r iab le  composi t ion which r e s u l t s  i n  a va r iab le  r a t e  o f  swel l ing.  However, 
t h e  r e l a t i o n s h i p  between these regions o f  va r iab le  co lo r  and the  p o s i t i o n  of the 
d i f f u s i o n  f r o n t  makes i t  most l i k e l y  t h a t  t h i s  behavior i s  a d i r e c t  consequence of 
t h e  d i f f u s i o n  and/or t he  r e s u l t a n t  swel l ing.  

There are b i t s  o f  unswollen v i t r i n i t e  j u s t  behind the f r o n t .  There i s  a prominent 
" f i n g e r "  o f  v i t r i n i t e  which has not  y e t  been swollen by t h e  py r id ine ;  however, there 
are some channels o f  swol len ma te r ia l  i n  i t  which have been penetrated by the 
py r id ine .  This f i n g e r  o f  v i t r i n i t e  c l e a r l y  must be apprec iab ly  d i f f e r e n t  from the 
surrounding v i t r i n i t e .  

Figure 3 shows t h e  sample a f t e r  78 minutes exposure t o  the  py r id ine .  The 
shape of  the d i f f u s i o n  f r o n t  has changed considerably .  It i s  seen t h a t  t he  f i n g e r  
o f  Figure 2 has been completely penetrated by the p y r i d i n e  and i s  now 
i n d i s t i n g u i s h a b l e  from the  surrounding v i t r i n i t e .  It i s  a l so  seen t h a t  t he  small 
b i t s  o f  unpenetrated v i t r i n i t e  behind the  f r o n t  i n  Figure 2 have been penetrated and 
swollen. It was observed t h a t  when these small regions begin t o  change t o  a l i g h t e r  
c o l o r  i n  one pa r t  they then tend t o  change r e l a t i v e l y  q u i c k l y  t o  the  l i g h t e r  co lo r  
o v e r a l l .  It appears as i f  the re  i s  some s o r t  o f  b a r r i e r  t o  the  so lvent  surrounding 
these small regions, perhaps a membrane o r  coating. Then, once the  b a r r i e r  becomes 
penetrated by the so l ven t  the whole i n s i d e  i s  r e l a t i v e l y  r a p i d l y  penetrated. It i s  
c l e a r  from these photographs t h a t  the "homogeneous-appearing'' v i t r i n i t e  i s  f a r  from 
homogeneous, but r a t h e r  the re  i s  considerable v a r i a t i o n  from region t o  reg ion w i t h i n  
it. 

experiment i s  t h a t  t r a n s f e r  o f  solvent e i t h e r  i n t o  or out o f  the top  or  bottom 
surfaces of t he  t h i n  s e c t i o n  may occur v ia  the grease. The greases u t i l i z e d  were 
se lected t o  minimize t h i s  e f f e c t .  In add i t i on ,  du r ing  the " i n  s i t u "  experiment the  
sample was c a r e f u l l y  moni tored for evidence o f  apprec iab le solvent t r a n s f e r  through 
the  grease. For example, appreciable d i r e c t  t r a n s f e r  o f  so lvent  from the  l i q u i d  
resevo i r  through the  grease t o  the  coal would be expected t o  produce t h i n  so lvent-  
swollen regions along t h e  edges o f  the sample, or  a t  l e a s t  t o  pe r tu rb  the  so lvent  
concentrat ion a t  t h e  j u n c t i o n  o f  t he  d i f f u s i o n  f r o n t  w i t h  the edge o f  t he  sample. 
No evidence of e i t h e r  o f  these e f f e c t s  was observed. However, an est imate of the 
magnitude of l oss  o r  ga in  o f  so lvent  through the  grease would be des i rab le  t o  
r e l i a b l y  evaluate i t s  e f f e c t  on the k i n e t i c s  o f  t h e  d i f f us ion  process. 

l i g h t  between crossed p o l a r i z e r s ,  a t h i n ,  orange-colored l i n e  stood out against  t he  

And, the re  i s  extremely small v a r i a t i o n  i n  the concentrat ion 

The 

The d i f f u s i o n  f r o n t  i s  somewhat ragged, but  i t  i s  not gross ly  i r r e g u l a r .  

A p o t e n t i a l  d i f f i c u l t y  w i t h  the  grease-immersion technique used i n  t h i s  

When the  sample was observed through the o p t i c a l  microscope i n  t ransmi t ted  
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darkened t h i n  section. With time, t h i s  t h i n  l i n e  moved f u r t h e r  i n t o  the  sample. 
When the p o l a r i z e r s  were removed, it was seen t h a t  t he  t h i n  orange l i n e  corresponded 
t o  the  p o s i t i o n  o f  t he  d i f f u s i o n  f r o n t ;  t h a t  i s ,  it occurred a t  t he  p o s i t i o n  where 
the c o l o r  of the coal changed from the  dark red co lo r  o f  the unswollen coal t o  the  
l i g h t  orange co lo r  o f  t he  expanded coal. The t h i n  orange-colored l i n e  which i s  
observed between crossed po la r i ze rs  a t  t he  p o s i t i o n  o f  t he  d i f f u s i o n  f r o n t  i s  
apparent ly  caused by the  o r i e n t a t i o n  o f  t he  coal s t r u c t u r e  i n  t h i s  region. The 
expanding coal behind the d i f f u s i o n  f r o n t  i s  const ra ined by the unswollen coal ahead 
of the d i f f u s i o n  f r o n t .  
macromolecular network i n  t h i s  region. 
chains cause a s i g n i f i c a n t  d i f f e rence  i n  the index o f  r e f r a c t i o n  p a r a l l e l  and 
perpendicu lar  t o  the  d i r e c t i o n  o f  o r i e n t a t i o n .  This causes a r o t a t i o n  i n  t h e  
d i r e c t i o n  o f  p o l a r i z a t i o n  o f  l i g h t  passing through the specimen. The r e s u l t  i s  t h a t  
some l i g h t  passes through the  second o f  the crossed p o l a r i z e r s .  
behind the  d i f f u s i o n  f r o n t  t he re  i s  enough f l e x i b i l i t y  t h a t  t he  macromolecular 
o r i e n t a t i o n  i s  diminished and the orange l i n e  i s  no longer  seen. 
t h e  s t r u c t u r e  i n  the  reg ion o f  t he  d i f f u s i o n  f r o n t  and the  r e l a x a t i o n  o f  t he  
o r i e n t a t i o n  behind the f r o n t  are f u r t h e r  evidence f o r  the macromolecular nature o f  
t h e  coal and the  t r a n s i t i o n  o f  t he  coal from a r i g i d  t o  a rubbery ma te r ia l .  

D i f f u s i o n  o f  p y r i d i n e  i n  coal having a heterogeneous s t r i a t e d  s t r u c t u r e  

s t r u c t u r e  was used i n  a d i f f u s i o n  experiment. The sample was about 15 micrometers 
t h i c k  and, as i n  the  o the r  samples, i t s  sur face was perpendicu lar  t o  the bedding 
plane. Figure 4 shows the sample a f t e r  i t s  edge has been i n  contact  w i t h  l i q u i d  
py r id ine  f o r  4 minutes. The dark gray ma te r ia l  seen i n  the  photomicrograph i s  t h e  
v i t r i n i t e  o r  wood-derived component o f  t h e  coal. I n  t h i s  sample i t  i s  seen t o  occur 
as strands which are approximately p a r a l l e l  t o  the bedding plane. The bedding p lane 
i s  seen edge-on i n  the photograph. The l i g h t e r  b i t s  o f  ma te r ia l  are the l i p t i n i t e  
which i s  the more hydrocarbon-rich waxy component. This component i s  de r i ved  from 
non-woody pa r t s  o f  p lan ts  such as spores, po l len,  and stem and l e a f  coat ings.  

seen i n  t h e  homogeneous v i t r i n i t e  sample of Figure 2. The f r o n t  here, though, i s  
more ragged because o f  t he  d i f f e r e n t  macerals present i n  the sample. It i s  a l s o  
seen t h a t  some of  the v i t r i n i t e  strands behind the d i f f u s i o n  f r o n t  are f a r  more 
da rk l y  colored than the  other  v i t r i n i t e  behind the f r o n t .  Apparently these 
p a r t i c u l a r  v i t r i n i t e  macerals are more s lowly  penetrated by the  py r id ine .  
though, these macerals are penetrated and swollen and become l i gh t - co lo red .  

Figure 5 shows the  sample a f t e r  52 minutes exposure t o  py r id ine .  
the coal specimen i n  Figure 5 i s  q u i t e  heterogeneous, the d i f f u s i o n  f r o n t  i s  not f a r  
from being s t r a i g h t .  There are, however, a number o f  small fragments of  v i t r i n i t e  
behind the f r o n t  which appear t o  be very s l i g h t l y ,  i f  a t  a l l ,  penetrated by t h e  
py r id ine .  These b i t s  o f  v i t r i n i t e  may have a coa t ing  o r  membrane surrounding them 
which retards pene t ra t i on  by the py r id ine ,  o r  t h i s  ma te r ia l  may have a l e s s  
permeable s t ruc tu re  which the  p y r i d i n e  penetrates more s lowly .  However, w i t h  t ime 
almost a l l  o f  these darker fragments behind t h e  d i f f u s i o n  f r o n t  are swol len and 
become l i gh t - co lo red .  It i s  a l so  ev ident  from comparing Figures 4 and 5 t h a t  t he re  
has been subs tan t i a l  swe l l i ng  i n  the p y r i d i n e  of t h e  l a r g e  l i p t i n i t e  maceral i n  t h e  
l e f t  center  o f  the photomicrograph. 

This can be expected t o  s t r e t c h  and a l i g n  the  
Such p a r t i a l l y  o r i en ted  macromolecular 

A shor t  d i s tance  

The o r i e n t a t i o n  o f  

A t h i n  sec t i on  o f  I l l i n o i s  No. 6 coal having a heterogeneous s t r i a t e d  

A sharp d i f f u s i o n  f r o n t  i s  seen i n  Figure 4. The f r o n t  i s  s i m i l a r  t o  t h a t  

I n  time, 

Although 

Di f fus ion rates p a r a l l e l  and perpendicu lar  t o  the  bedding plane 

In  order t o  compare the d i f f u s i o n  ra tes  o f  the so lvent  p a r a l l e l  and 
perpendicu lar  t o  the  bedding plane o f  t he  coal a l l  f ou r  edges o f  a t h i n  sec t i on  were 
simultaneously exposed t o  the  py r id ine .  I t s  
surface was perpendicu lar  t o  the  bedding plane; t he  bands o f  ma te r ia l  ran p a r a l l e l  
t o  the bedding plane and the d i r e c t i o n  perpendicu lar  t o  the  bands was perpendicu lar  
t o  the  bedding plane. Figure 6 shows t h i s  t h i n  sec t i on  a f t e r  15 minutes i n  contact  

This sample had a s t r i a t e d  s t r u c t u r e .  
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w i t h  the  l i q u i d  p y r i d i n e .  
the d i r e c t i o n s  p a r a l l e l  and perpendicu lar  t o  the bedding plane are comparable. 

i n  coals i s  much f a s t e r  p a r a l l e l  t o  the bedding p lane than perpendicu lar  (8,9). 
impor tant  d i f f e r e n c e  between these p r i o r  i n v e s t i g a t i o n s  and our cu r ren t  s tud ies i s  
t h a t  we are observing p r i m a r i l y  in t ra-macera l  d i f f u s i o n  whereas e a r l i e r  work was 
more effected by l a r g e r  scale d i f f u s i o n .  
f o r  r a p i d  pene t ra t i on  o f  t he  coal s t r u c t u r e  inc luded in termacera l  i n t e r f a c e s ,  
cracks, holes, and reg ions con ta in ing  minera l  mat ter  accumulations. 
i r r e g u l a r  regions w i t h i n  the coal tend t o  extend along the bedding plane. 
Therefore, on a l a r g e  sca le  f a s t e r  d i f f u s i o n  can be expected p a r a l l e l  t o  the  bedding 
plane. Our s tud ies however, are more concerned w i t h  t h e  f i n e r  s t ruc tu res  o f  t h e  
coal .  We have focused on the d i f f u s i o n a l  behavior w i t h i n  i n d i v i d u a l  v i t r i n i t e  
macerals w i t h i n  the coal .  Wi th in  the  i n d i v i d u a l  macerals o r  f o r  groups o f  macerals 
which are i n  i n t i m a t e  contact  w i t h  each other  and which do not contain subs tan t i a l  
i r r e g u l a r  regions, t he  d i f f u s i o n  rates p a r a l l e l  and perpendicu lar  t o  the bedding 
p lane are comparable. 

Se l f - sea l i ng  i n  coal undergoing so l ven t -swe l l i ng  

A t h i n  s e c t i o n  sample o f  v i t r i n i t e  was exposed t o  py r id ine  us ing  the  
weighted coverglass method. I n  Figure 7, the sample i s  shown a f t e r  60 seconds 
contact  w i t h  the  p y r i d i n e .  
and so lvent  swe l l i ng  a long the edges o f  t he  l a r g e  crack i n  the sample as wel l  as 
a long the  edges o f  t h e  sample. The sample i s  shown i n  Figure 8 a f t e r  100 seconds 
exposure t o  the p y r i d i n e .  Note t h a t  t he  l a rge  crack has f u l l y  closed. A l s o ,  
whereas the  d i f f u s i o n  f r o n t  has moved s u b s t a n t i a l l y  i n  from the  outer  edges o f  the 
sample there has been r e l a t i v e l y  l i t t l e  movement o f  the d i f f u s i o n  f r o n t  along the 
edges o f  what was the  l a r g e  crack. Figure 9 shows the sample a f t e r  a t o t a l  o f  210 
seconds exposure t o  the  py r id ine .  There has been considerate add i t i ona l  movement of 
t he  d i f f u s i o n  f r o n t  i n t o  the  coal from the edges. However, along what was the  large 
crack the re  has been l i t t l e  change i n  the  coa l .  

du r ing  the d i f f u s i o n  o f  good swe l l i ng  so lvents  i n t o  coals. The swe l l i ng  o f  the coal 
may s e a l - o f f  cracks and holes i n  the  coal and thereby s top or d imin ish penetrat ion 
of  t he  so lvent  through these routes.  Although such routes may c o n s t i t u t e  a very 
small volume o f  the coal ,  i f  they were not sealed by t h e  swe l l i ng  they can be major 
routes f o r  uptake o f  t h e  so l ven t .  For example, our p r i o r  work on d i f f u s i o n  o f  
oxygen i n t o  coals  ( 9 )  has shown t h a t  t h e  cracks and holes prov ide paths f o r  r a p i d  
pene t ra t i on  of oxygen i n t o  the i n t e r i o r  o f  t he  coal. 

The s e l f - s e a l i n g  e f f e c t  may a l so  have impor tant  consequences on the  sub- 
microscopic scale. Pores w i t h i n  the coal ,  o r  in ter -macera l  i n te r faces  i n  the coal 
which have p rev ious l y  been shown can be routes f o r  r a p i d  pene t ra t i on  by f l u i d s  (9 )  
may be sealed by s w e l l i n g  i f  t h e  so lvent  s t a r t s  t o  penetrate them. 
hand, po ros i t y  w i t h i n  minera l  mat ter  accumulations i s  l ess  l i k e l y  t o  be plugged by 
swe l l i ng  (unless the re  i s  a subs tan t i a l  concentrat ion o f  swel lab le organic  mat ter  
w i t h i n  the  reg ion o f  minera l  mat ter .  Note, however, t h a t  the sea l i ng  mechanism i s  
on ly  expected t o  be operable i n  l o c a l i z e d  regions which swell i n  advance of 
surrounding mater ia ls .  I f a l l  o f  a reg ion swel ls  i s o t r o p i c a l l y ,  then cracks and 
holes i n  the reg ion w i l l  a l so  swell  and sea l i ng  w i l l  no t  occur. It should be kept 
i n  mind, however, t h a t  t h e  converse o f  se l f - sea l i ng  f requen t l y  occurs; t h a t  i s ,  
stresses produced d u r i n g  so lvent  swe l l i ng  o f t e n  produce cracks i n  coal p a r t i c l e s  

It i s  seen t h a t  t he  pene t ra t i on  rates o f  t he  p y r i d i n e  i n  

Some i n v e s t i g a t o r s  have repor ted t h a t  the d i f f u s i o n  ra tes  o f  var ious f l u i d s  
An 

We showed e a r l i e r  ( 9 )  t h a t  major routes 

These types o f  

Note t h e  l i gh tened  areas i n d i c a t i n g  so lvent  penetrat ion 

These observat ions i l l u s t r a t e  one impor tant  mechanism which can occur 

On the other  

(10). 

K i n e t i c s  of D i f f us ion  and Re-d i f f us ion  

The movement of d i f f u s i o n  f r o n t s  as they penetrated i n t o  t h i n  sec t i on  
specimens was q u a n t i f i e d  f o r  several samples. For each sample the r a t e  of 
Propagation of the d i f f u s i o n  f ron t  i n t o  t h e  sample was quan t i f i ed .  
somewhat va r iab le ,  probably  because of  the heterogeneous nature of the coal .  

The r e s u l t s  were 
For 

88 



a l l  samples measured, though, there was a pronounced slowing down of the v e l o c i t y  o f  
the d i f f us ion  f ront  w i t h  i nc reas ing  t ime, as the  f r o n t  penetrated deeper i n t o  the  
sample. This would suggest t h a t  the d i f f u s i o n  i s  not  Case 11. However, because the 
amount of so lvent  pene t ra t i ng  through the grease, o r  between the  glass s l i d e  and the  
coal  i n t o  t h e  top and bottom surfaces o f  t h e  coal has not been accurate ly  q u a n t i f i e d  
(though q u a l i t a t i v e  checks were made -- see e a r l i e r  i n  t h i s  sect ion) ,  i t  would be 
des i rab le  t o  corroborate these r e s u l t s  e i t h e r  through an accurate eva lua t i on  o f  t h i s  
c o n t r i b u t i o n  t o  so lvent  uptake o r  by us ing  a l t e r n a t e  techniques. 

A f te r  the d i f f u s i o n  f r o n t  had propagated we l l  i n t o  the  t h i n  sect ion,  t he  
p y r i d i n e  was removed and the  sample was al lowed t o  dry  a t  room temperature i n  
n i t rogen  gas for  several days. 
repeated. 
and t h e  second exposure a f t e r  drying. It i s  ev ident  t h a t  t he  movement o f  t he  
d i f f u s i o n  f r o n t  i s  much more r a p i d  f o r  t he  second run, a f t e r  t h e  sample has 
p rev ious l y  been swollen by the  p y r i d i n e  and dr ied.  This f a s t e r  d i f f u s i o n  i n  the  
second run had been observed i n  our previous work where t h i n  sect ions were f u l l y  
immersed i n  l i q u i d  p y r i d i n e  and penetrat ion occurred p r i m a r i l y  through the  t o p  and 
bottom surfaces (11). 

There are several poss ib le  c o n t r i b u t i o n s  t o  the  more r a p i d  pene t ra t i on  o f  
the p y r i d i n e  the second t ime. When t h e  sample i s  d r i e d  a f t e r  t he  i n i t i a l  swe l l i ng ,  
some o f  t h e  p y r i d i n e  remains i n  t h e  coal (12). So, l ess  p y r i d i n e  d i f f u s e s  i n t o  the  
coal the second time. I n  add i t i on ,  the res idua l  p y r i d i n e  probably weakens SOW o f  
t h e  in ter -molecular  i n t e r a c t i o n s  so t h a t  t h e  new p y r i d i n e  d i f f u s i n g  i n  encounters a 
looser  s t ruc tu re  and can the re fo re  swell  t he  coal more read i l y .  Another p o s s i b i l i t y  
i s  t h a t  t he  i n i t i a l  s w e l l i n g  and d r y i n g  causes microcracks i n  t h e  s t r u c t u r e  so t h a t  
subsequent d i f f u s i o n  can u t i l i z e  these new routes. 
t h e  d i f f u s i o n  r a t e  was measured, no d i f f u s i o n  v i a  microcracks was observable i n  the  
o p t i c a l  microscope. There may a l so  have been some e f f e c t  on the  d i f f u s i o n  r a t e  f rom 
some bitumen being ex t rac ted  from the coal  du r ing  the  f i r s t  d i f f u s i o n  run. 

Then the  same d i f f u s i o n  experiment as before was 
Figure 10 shows g raph ica l l y  t h e  r e s u l t s  f o r  both t h e  o r i g i n a l  d i f f u s i o n  

However, i n  the reg ions where 

CONCLUSIONS 

D i f f u s i o n  i n t o  coal has been observed " i n  s i t u "  a t  t h e  microscopic  l e v e l  
This technique which u t i l i z e s  uncontaminated t h i n  sect ions o f  f o r  the f i r s t  time. 

coal  enabled the  study o f  t r u e  in t ra-macera l  d i f f u s i o n  as d i s t i ngu ished  from the 
usual concurrent d i f f u s i o n  i n  a v a r i e t y  of maceral s t ructures,  o r  d i f f u s i o n  v i a  
cracks, minera l  matter, macropores, o r  maceral i n te r faces .  For d i f f u s i o n  o f  a good 
so lvent  i n t o  a h igh v o l a t i l e  bituminous coal ,  a sharp ly  def ined f r o n t  occurred, and 
t h e  d i f f u s i v e  f low was h i g h l y  concentrat ion dependent. 
slowed w i t h  depth o f  pene t ra t i on  i n t o  the  coal. When the  sample was placed between 
crossed polars, a t h i n  l i g h t  l i n e  was seen a long the  d i f f u s i o n  f r o n t  against  the 
dark background. This i nd i ca tes  t h a t  o r i e n t a t i o n  o f  the macromolecular network 
occurs as a r e s u l t  o f  t he  s t resses i n  t h e  v i c i n i t y  o f  the f r o n t .  For in t ra-macera l  
d i f f u s i o n  i n  v i t r i n i t e  the re  was no obvious d i f f e r e n c e  between the rates o f  movement 
o f  t h e  f r o n t  p a r a l l e l  versus perpendicu lar  t o  the  bedding plane. When t h e  l i q u i d  
was desorbed and then reabsorbed, the d i f f u s i o n  r a t e  was considerably f a s t e r  t he  
second time. L i a u i d  pene t ra t i on  i n t o  cracks i n  v i t r i n i t e  was i n i t i a l l v  raDid. but  

The movement o f  t h e  f r o n t  

the swe l l i ng  which resu l ted  
penetrat ion.  

ACKNOWLEDGEMENTS 

The encouragement 
i n v e s t i g a t i o n  i s  g r a t e f u l l y  
t h e  preparat ion o f  t h e  t h i n  

o f t e n  sealed the cracks, g r e a t l y  reducing y u r t h e r  

and support o f  M. Sisk in  and M. L. Gorbaty i n  t h i s  
acknowledged. The techn ica l  ass is tance o f  M. S. Beam i n  
sec t i on  samples i s  g r e a t l y  appreciated. 



REFERENCES 

1. Paraplast i s  a para f f in -based embedding wax having a i ne l t i ng  p o i n t  o f  
57°C. It i s  manufactured by the Lancer Co., S t .  Louis, MO, IJSA. 

2. Brenner, D. i n  "Coal S t ruc ture"  (Ed. R.  A. Meyers), Academic Press, New York, 
1982, pp 254-263. 

3. Some usable f l u o r i n a t e d  greases are Krytox, manufactured by DuPont and Fomblin 

4. LM Butyl ,  manufactured by Exxon Chemical Company. 

5. Brenner, D., Nature, 306, NO. 5945, 772 (1983). 

6. Crank, J., "The Mathematics o f  D i f f u s i o n " ,  Second Ed i t ion ,  Chapter 11, Claredon 
Press. Oxford (1975). 

7. A l f r e y  A., Gurnee, E. F., and Lloyd, W .  G., J .  Polym. Sci., C&', 249 (1966). 

8. A t ta r ,  A., and Warren, D., " D i v i s i o n  o f  Fuel Chemistry Prepr in ts " ,  26, No. 3, 
pp. 172-177, Am. Chem. SOC. Nat ional  Meeting, New York, New York (1-1). 

9. Brenner, D., " D i v i s i o n  o f  Fuel Chemistry Prepr ints",  26, No.1, pp.  42-49, Am. 
Chem. SOC. Nat ional  Meeting, At lanta,  Georgia (1981) .- 

10. Brenner, O., Fuel, 62, 1347, (1983). 

11. Brenner, D., Fuel, 63 pp 1324-1328, (1984). 

12. Co l l ins ,  C. J., Hagaman, E. W., Jones, R. M. and Raaen, V. F. Fuel, 60, 359 

manufactured by Montedison. 

(1981). 

MICROSCOPE /GLASS COVER S L I P  

COVER GLASS SOLVENl 
1 i 

\ ,,,A CYLINDER 
"GREASE" 

 MICROSCOPE SLIDE t COAL THIN SECTION) 
?r 1 5  urn THICK 
% 1 / 2  mm ACROSS LIGHT 

SOURCE 

Figure 1.  Grease-immersion setup for "in situ" microscopic 
observations of solvent diffusion in coals. 
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Figure 2. Diffusion of pyridine in 
relatively homogeneous vitrinite, after 
50 minutes contact of edge with liquid 
pyridine. 

Figure 3. Diffusion of pyridine in 
relatively homogeneous vitrinite, after 
70 minutes contact of edge with liquid 
pyridine. 
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Figure 4. Diffusion of pyridine in a 
heterogeneous striated coal structure, 
after 4 minutes contact of edge with 
liquid pyridine. 

Figure 5. Diffusion of pyridine in a 
heterogeneous striated coal structure, 
after 52 minutes contact of edge with 
liquid pyridine. 
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Figure 6. Comparison of diffusion rates parallel 
versus perpendicular to the bedding plane. 

Figure 7. Thin section with crack, after 60 
seconds exposure to pyridine. 

Figure 8. Crack in thin section sealed by 
swelling, after 100 seconds exposure to pyridine. 
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Figure 9. Thin section with sealed crack, after 
210 seconds exposure to pyridine. 

F i g u r e  1 0 .  R e l a t i v e  rates of i n i t i a l  d i f f u s i o n  and r e - d i f f u s i o n  a f t e r  d r y i n g ,  

for p y r i d i n ~  i n  v i t r i n i t e .  
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